Abstract Detailed observations of natural and anthropogenic disturbance events that impact forest structure and the distribution of carbon are essential to estimate changes in terrestrial carbon pools and the associated emissions and removals of greenhouse gasses. Recent advances in remote sensing approaches have resulted in annual and decadal estimates of land-cover change derived from observations using broad-scale moderate resolution imaging spectroradiometer (MODIS) 250 m-1 km imagery. These land-use change estimates, however, are often not attributed directly to a cause or activity and are not well validated, especially in tropical areas. Knowledge of the type of disturbance that caused the observed land-cover changes is important, however, for the quantification of the associated impacts on ecosystem carbon stocks and fluxes. In this paper, we provide estimates of the amount of forest land-cover change in a Mexican forested region and propose an approach for attributing the cause of the observed changes to the underlying disturbance driver. To do so, we collate geospatial and remote sensing data from a variety of sources to summarize statistics about the major disturbances within the Yucatan Peninsula, an ''early action'' region for the reduction of emissions from deforestation and degradation, from 2005 to 2010. We combine the datasets to develop rules to estimate the likely disturbances that caused the observed land-cover changes based on their spatially explicit location. Finally, we compare our observed disturbance rates to those detected using classified land-cover data derived from MODIS.
Introduction
Forested ecosystems are valuable, not only for ecosystem services provisioning (MEA 2005) and biodiversity conservation (Díaz et al. 2009 ), but also for their crucial role to mitigate climate change (Bosworth et al. 2008; Turner 2010; Kurz et al. 2009 ). Globally, forests contain one of the largest carbon sinks in the world (2.4 Pg C year -1 ) (Pan et al. 2011) . They have the ability to offset increasing atmospheric carbon (C) concentrations by sequestering large amounts of carbon and storing it in the vegetation and soils for long periods of time (Bosworth et al. 2008; Chapin et al. 2009; Kurz et al. 2009; Lorenz and Lal 2010) . Hence, sustainable management of forested ecosystems is critical for both developed and developing countries to reduce net global carbon emissions and stabilize atmospheric carbon dioxide concentrations to avoid ''dangerous anthropogenic interference with the climate system'' (UNFCCC 1992) .
Forest disturbances play a critical role in the terrestrial carbon cycle. Natural and human-induced disturbances alter forest structure in a unique way, changing the size, composition and distribution of forest carbon pools, and transfer carbon into the atmosphere (Dale et al. 2001; Kurz et al. 2009; Spalding 2009; Lorenz and Lal 2010) . They modify the stand age and succession dynamics, affecting the post-disturbance carbon dynamics (i.e., the living biomass and dead organic matter turnover rates, carbon emissions, and the rate of annual carbon storage) (Franklin et al. 2007; Lorenz and Lal 2010) . After the burning of fossil fuels, permanent conversion of forested land to other land uses together with forest degradation are the second major cause of carbon emissions (DeFries et al. 2002; IPCC 2007; Spalding 2009; Houghton et al. 2012) .
Based on the amount of vegetation removed, disturbances can be categorized as stand replacing or non-stand replacing (Oliver and Larson 1996) . Stand-replacing disturbances, such as wildfires and land clearing for agricultural purposes, generally result in severe alteration or removal of the forest structure, killing or removing all the trees (Franklin et al. 2007 ). In the case of fire, significant amounts of carbon are transferred into the atmosphere from the combustion of biomass and dead organic matter, bringing the forest back to the initiation stage (Lorenz and Lal 2010) . In this stage, the forest is a net carbon source because carbon emissions from dead organic matter and soil carbon pools exceed removals of the vegetation regeneration. Eventually, depending on the degree and speed of regrowth, the net carbon balance becomes positive once again and the forest becomes a carbon sink (see Fig. 1 in Kurz et al. 2013 ). Non-stand-replacing or minor disturbances (e.g., low-intensity fires, low-level insect, disease infestations, or selective logging) affect forested landscapes at a finer spatial scale, damaging or killing individual trees, or small groups of trees, reducing the overall forest productivity and growth, and thus carbon uptake.
Measuring and monitoring forest carbon stocks and stock changes remain a complex endeavor accompanied by high uncertainties (Chapin et al. 2006; Spalding 2009 ). Despite increasing efforts to assess gross forest cover loss at different spatial and temporal scales, attributing the forest cover loss to clear underlying causes remains an important challenge for carbon and ecosystem monitoring (DeFries et al. 2007; Hansen et al. 2010; Houghton et al. 2012; Potter et al. 2012) . Until these causes and drivers of natural and human-induced forest cover change and the subsequent forest recovery and succession dynamics are understood, we cannot fully quantify specific contributions to the carbon balance (Spalding 2009; Kurz 2010; Masek et al. 2011; Schroeder et al. 2011) . Knowledge of forest disturbance types is required to estimate impacts on carbon stock changes and the associated greenhouse gas (GHG) emissions (Kurz et al. 2009; Spalding 2009 ). For example, land clearing with or without fire is associated with differences in the amounts, timing, and composition of CO 2 and non-CO 2 GHG emissions.
In Mexico, the government is conducting several initiatives to develop science-based decision support models and tools to improve ecosystem carbon reporting and to provide policy makers with information on the consequences of reducing emissions from deforestation and forest degradation (REDD?) strategies (SEMARNAT 2009; LGCC 2012) . This includes a monitoring, reporting and verification (MRV) system for REDD?.
To fulfill Mexico's needs to meet numerous national and international commitments to reduce GHG emissions, quantifying forest disturbances is required by disturbance type. Current knowledge of the extent and impact of different disturbance types has serious gaps that can potentially be addressed using remote sensing land-cover change products (Coops et al. 2006; De Sy et al. 2012; Hayes and Cohen 2007; Hansen et al. 2008; Potapov et al. 2008; Wulder et al. 2010) .
In this study, we developed a comprehensive approach, the multi-scale, multi-source disturbance (MS-D) assessment, to (1) spatially characterize type, extent, and location of major disturbances (natural and anthropogenic) for carbon modeling, (2) obtain land-cover change observations, and (3) attribute land-cover changes to their most likely disturbance driver. We first provide a brief background of the forest disturbances most likely to occur within Mexican forested ecosystems. Based on this review, we focus on dominant disturbance types, namely fires, hurricanes, settlement, harvesting, and agricultural activity. Annual spatially explicit layers were generated for major disturbance types from 2005 to 2010 for carbon modeling across the Yucatan Peninsula. Land-cover changes were then derived from moderate resolution imaging spectroradiometer (MODIS) satellite imagery from 2005 to 2010 and attributed by disturbance type. Finally, we conclude with recommendations on how these data can be used to quantify changes in carbon dynamics within carbon budget models to support climate change policy and decision making.
Natural and anthropogenic disturbances shaping the Mexican landscapes
Mexico has approximately 64.8 million hectares (ha) of forest (FRA FAO 2010) , 49 % is temperate, 46 % tropical and subtropical, and 5 % other forest types (INFyS 2012a). Human activities are the major force that shape Mexican ecosystems (Ramírez-Marcial et al. 2001; Read and Lawrence 2003; Urquiza-Haas et al. 2007; ArredondoLeón et al. 2008; Endara Agramont et al. 2012) . Direct consequences of human-induced disturbance include deforestation, fragmentation, degradation of habitats, and alterations to landscape dynamics (Ramírez-Marcial et al. 2001; Urquiza-Haas et al. 2007; Endara Agramont et al. 2012) . This can lead to decreases in biomass and regeneration, and therefore have a negative impact of the net carbon balance (Ramírez-Marcial et al. 2001; UrquizaHaas et al. 2007; Endara Agramont et al. 2012 ). Below we summarize the most common disturbance types occurring within the area.
Anthropogenic disturbances (Online resource 1) manifest through urban development, selective and clear-cut logging, shifting cultivation (known as milpa system), and extensive livestock grazing. In coniferous and deciduous forests in central Mexico, illegal logging and other extractive activities are one of the main causes of disturbance, resulting in large open gaps in the forest canopy that have a negative impact for natural regeneration and conservation (Endara Agramont et al. 2012) . Dickinson et al. (2000) documented that selective logging for wood extraction activities also affected the tropical dry forests in the southern part of Mexico, reducing tree numbers, altering the understory vegetation, and promoting changes in the species composition during succession. Moreover, Ramírez-Marcial et al. (2001) found most forest logging in the southern mountain rainforest was driven by shifting agriculture where the forest was converted into ''milpa'' cultivation systems and livestock grazing. They found that grazing and trampling reduced the soil moisture, increased the probability of fire during the dry season, and reduced the ability of the forest to regenerate due to higher seedling mortality. Read and Lawrence (2003) reinforced these findings; shifting cultivation created large areas of secondary forest, reduced basal area, above ground biomass and tree densities, increased the number of stumps, and led to changes in diversity and species composition. While at fine spatial scales, local species richness and natural regeneration might benefit from the development of forest gaps (Sánchez-Gallén et al. 2010) , these gaps also open the way for other disturbance types such as fire (Toledo-Aceves et al. 2009 ).
Studies of natural disturbances that affect Mexican ecosystems mainly focus on fires and hurricanes (Online resource 2). Covington (1997, 1999) examined fire regimes in pine-oak forests in northern Mexico. They found that frequent, low-intensity fires were most common, burning forest understory vegetation, but rarely causing major damage to the forest canopy. While fires release carbon when burning organic matter, non-stand-replacing fires have become a forest management option to limit overall carbon losses by reducing the severity and frequency of large stand-replacing fires (Lorenz and Lal 2010). Consequently, large intensive stand-replacing fires occur less often than in the past due to the short fire exclusion lengths, low accumulation of forest fuels, and burning of varying rates at different times (Fulé and Covington 1999; Drury 2006) . In dry tropical forests, Vargas et al. (2008) found that frequent fires decreased the soil fertility, reducing the forest recovery and therefore carbon accumulation by limiting the nutrient provisioning. Furthermore, Skinner et al. (2008) reconstructed fire regime characteristics in mixed-conifer forests and found an increasing number of low-severity fires over a 209-year period. Their findings suggest that 5-year cycles of warmwet conditions and low fire activity, tend to promote wildfires. In contrast, in the southeast tropical-montanecloud forests, Asbjornsen et al. (2005) found that almost all vegetation cover was killed due to severe slow-burning ground fires. This was attributed to rapid water drainage from high-elevation karstic soils that are sensitive to extreme droughts. The resulting large severe fires turned the forest into an immediate net source of carbon and non-CO 2 GHG (methane and nitrous oxide).
''Hurricanes mainly affect tropical oceanic regions due to their proximity to the coast and warm temperatures (Foster et al. 1998) . These storms mainly occur in the coastal areas of the Yucatan Peninsula, where the tropical forests are frequently altered by hurricanes of differing magnitude based on the Saffir-Simpson scales (Whigham et al. 2003; Rogan et al. 2011; Vandecar et al. 2011) . Hurricanes tend to exhibit long-term impacts expressed by low tree mortality rates, high defoliation of the forest canopy, little changes in species composition, decreases in biomass of living trees, and opening gaps for subsequent fires (Whigham et al. 2003) . Navarro-Martínez et al. (2012) found little changes in the forest composition and species diversity following hurricanes, but observed major impacts on the structural characteristics.
Materials and methods

Study area
The focus of this study is the Yucatan Peninsula (YP) that comprises three Mexican states: Yucatan, Campeche, and Quintana Roo, located in Southeastern Mexico, between the Gulf of Mexico and the Caribbean Sea (Fig. 1) . The topography of the region is characterized by flat limestone areas and karst reliefs, where the dominant soil types are comprised of well-drained rendzinas, shallow rocky lithosols, and in some areas chromic luvisols, pellic vertisols, and gleysols (Urquiza-Haas el al. 2007) . The region has a mean annual temperature of 25°C, resulting in a tropical subhumid climate with precipitation ranging from 900 to 1,400 mm per year with dry winters and wet summers Attributing changes in land cover using independent disturbance datasets 215 (Vandecar et al. 2011) . Accordingly, the vegetation of the region has been mainly classified as tropical forests that include semi-evergreen forest, semi-deciduous, deciduous forest, and mangrove forests (Urquiza-Haas et al. 2007 ).
Forest disturbance assessment
Forest disturbance ancillary data
Several datasets were compiled to map the location and severity of disturbances from 2005 to 2010: fires, hurricanes, and clearing for agricultural activity. These data are national statistics of forest disturbances recorded in Mexico for almost all the states and were collected and provided by the relevant national agencies (see description of the datasets below). Data were either spatially explicit:
where disturbance events contained information about their exact location in space, or spatially referenced: where the year and number of disturbances are recorded but not their detailed spatial location (most of them summarized at the municipality level) (Birdsey et al. 2013) . Non-spatial disturbance data were associated with specific municipality polygons (the lowest level of geographic aggregation for which historical data were available). Two ecoregions of North America Level I (CEC 1997) were intersected with the three-state administrative boundaries of the YP (INEGI 2012) to provide a spatial stratification framework, comprised of five spatial units that will be used as a spatial framework for carbon budget analyses. Additionally, coverage of areas under forest management for the period was provided by Mexico's Forestry Commission (CONAFOR). 2005, 2006 , and 2009) did not include geographic coordinates and were not contained in these layers. These fires accounted for approximately 25 % of the total area burned over the period. As it was not possible to link the non-spatial fire events with the spatially explicit land-cover change information, we limited our analysis to the spatial datasets of the fire points with coordinates. Annual fire maps were then generated by buffering the ignition points with an area equal to the number of hectares burned per fire.
Information on the trajectories of tropical hurricanes from 2005 to 2010 that crossed the region was retrieved from the National Climatic Data Center (NCDC 2012; Fig. 2 ). For each hurricane, tabular data on the date, points of landfall, pressure, date, and wind speed for each storm were available. To assess the potential impact of the hurricanes beyond the storm trajectory, we buffered each track according to the disturbance severity associated with the Saffir-Simpson category (NHC 2013) . To do so, we applied buffer distances derived from Skwira et al. (2005) rain-band width studies, with 15 km for major impact hurricanes categories (category IV or V), 10 km for category III and II, and 5 km for the remaining lower-impact storms.
Annual agricultural activity maps were generated using data from the Secretariat of Agriculture, Livestock, Rural Development, Fisheries, and Food of Mexico known as SIACON (SAGARPA 2012) . This program provides tabular data on the total area of annual cultivated land by state and municipality. Since the database lacked spatially explicit information, we referenced the cultivated area to the INEGI municipality polygon. Additional data on Attributing changes in land cover using independent disturbance datasets 217 agriculture were retrieved from INEGI's land use and vegetation series SIII and SIV, developed for 2003 , respectively (INEGI 2003 , 2007 . We used these datasets to differentiate permanent cultivation (PC) areas from the rest of the agricultural activities. Two masks were generated locating areas that fell under the status of PC (code ''RP'') and assign them a 100 % impact. Carbon budget models can be parameterized to represent these areas with a constant 100 % impact and simulate no forest regrowth. We first masked PC areas from SIII for [2005] [2006] [2007] , and second, filtered areas from SIV from 2008 onward. Annual maps were then produced for the YP, subtracting the hectares identified under PC by municipality from: (1) the cultivated hectares reported annually by municipality in the SIACON program and (2) the area of the municipality. The degree of impact was expressed as the percentage of total cultivated area by municipality.
National forest inventory
National Forest Inventory data are one of the primary sources used for forest carbon monitoring (Kurz et al. 2009; Birdsey et al. 2013) . 
Remote sensing observations of land-cover change
Remotely sensed land-cover change observations were generated from the North American Land Change Monitoring System (NALCMS) developed as part of a collaborative effort between agencies from Canada, the USA, and Mexico coordinated by the Commission for Environmental Cooperation (CEC). The NALCMS provides land-cover information across the different ecosystems in North America, derived with 10-day MODIS composites at 250 m resolution (Latifovic et al. 2010 ). In the case of Mexico, land-cover classification maps embedded in the NALCMS were developed for 2005 and 2010 forming the basis of the comparison in this study; information on the classification approach is provided by Colditz et al. (2012) . Fifteen land-cover classes were identified using multiple classifications (ensemble classifier) with decision trees and ancillary datasets including slope, aspect, temperature, precipitation, aerial photography, and high spatial resolution satellite images. The overall accuracy of the map was assessed with a disjoint set of sample data resulting in 82.5 % confidence (Kappa of 0.79). To assess the transition in the land-cover classes across the YP, we developed a change matrix, which calculates the number of pixels that changed land-cover class from 2005 to 2010.
Attributing land-cover changes to underlying disturbance types
Losses in basal area can be explained by tree mortality as the consequence of natural disturbances (e.g., fires, hurricanes) or as a result of tree removals due to harvesting activities (Healey et al. 2005) . To assess the relative importance of fires, hurricanes, and forest management areas on the reduction in basal area in the NFI plots, a regression tree model was developed. Regression tree analysis is a flexible and robust method increasingly applied in ecological research for a number of reasons including the ability to deal with collinear datasets, to exclude non-significant variables, and to allow for asymmetrical distribution of samples (Quinlan 1986; De'ath and Fabricius 2000; De'ath 2002; Melendez et al. 2006; Schwalm et al. 2006) . The technique automatically separates the response variable (reduction in basal area) into a series of choices that identifies the contribution of each constraining variable (i.e., fires, forest management areas and hurricanes). We made the explicit assumption that the remaining basal area loss was due to selective or clear-cut logging. Based on the relevance of the most likely variables explaining the basal area loss in the regression tree analysis, a final decision tree was developed attributing the MODIS land-cover change pixels to a disturbance type following that order.
To improve our understanding of the complexity of the different disturbance regimes across the YP, we developed the MS-D approach to characterize forest disturbances from 2005 to 2010 and attribute changes in forest cover to their underlying causes (Fig. 3) . We first generated annual maps of major disturbance types. We then computed the basal area loss observed in the ground plot data. Next, we compiled multiple disturbance datasets and used a regression tree analysis to identify the most likely underlying driver of change. Finally, we assessed the land-cover change from MODIS between 2005 and 2010 and using the results from the regression tree analysis attributed the change to the most likely disturbance driver.
Results
Forest disturbances in the Yucatan Peninsula
An overview of fires that occurred in the YP from 2005 to 2010 is shown in Fig. 4a . In the study period, 97 % of the fires recorded burned an area equal or less than 1,000 ha. The remaining 3 % of wildfires burned a total of 80,905 ha, which corresponds to 63 % of the total area burned over the period, burning, on average, 3,852 ha per event. The largest fires occurred in the northeast Tropical humid forests of Quintana Roo, 58 % of the total fires registered in the period (Fig. 4b) Estimates of hurricane disturbance derived from the NHDC across the region can be seen in Fig. 5 . The years 2006 and 2009 were atypical for hurricanes with no tracks recorded in those years. In the north, the impact was dominated by larger and strong category V storms (Wilma and Emily), which struck the YP in 2005, and in the center by hurricane Dean (2007) .The impact on the NFI plots due to Wilma and Emily was evident in the reduction in basal area. For the case of Dean, plots for the first sampling period in the area were first visited after the hurricane making an impact assessment not possible.
Annual maps of agricultural management lands across the YP are presented in Fig. 6a, b showing the initial and last year of the study (2005 and 2010) . Areas under the permanent cultivation status obtained from INEGI SeriesIII (2003) can be observed in Fig. 6a depicted in red with a 100 % degree of impact. These areas are mainly located at the central-west of the YP, accounting for 35,509 ha. In 2007, areas under permanent cultivation increased by 15 % to 42,071 ha, shown in Fig. 6b . Additional areas extracted from the national agricultural database are represented by total cultivated land by municipality on an annual basis. Major areas of impact can be observed at the north of the YP, in the Yucatan state. Here, transitions in the degree of impact over the period can be seen, showing that some Fig. 3 Flowchart of the multiscale, multi-source disturbance assessment (MS-D ). The approach is based on a threestep implementation; (1) map type, extent, and location of forest disturbances, (2) derive land-cover change observations, and (3) attribute land-cover changes to their most likely disturbance driver Attributing changes in land cover using independent disturbance datasets 219 municipalities (unique areas depicted in red in 2005) went from 80 % of cultivated land that decreased drastically to 3 or 5 % in 2010. This was mainly due to a 13 % decrease in the amount of cultivated hectares reported in 2010 in the municipality records of the agricultural database of SAG-ARPA (SAGARPA 2012). Remote sensing observations of land-cover change From the land-cover change analysis derived with MODIS thematic maps, fourteen of the fifteen land-cover classes identified in Mexico by Colditz et al. (2012) were found in the YP. Land-cover change from 2005 to 2010 totaled 7,281 ha. The most significant change was observed in the Tropical Evergreen forests with a net loss of 5,318 ha (73 % of the total forest area loss) mainly due to anthropogenic disturbances that changed forests into cropland and urban areas. Losses in cropland (5,368 ha) were offset by area gained from other classes (5,487 ha), showing a low net gain of 119 ha (2 %) in cropland area. The largest net area gain (5,218 ha, 71.7 %) took place in the Urban class, followed by gains in Barren land (10 %) and Tropical Grassland (8 %).
Drivers of change in the land-cover
Results from the regression tree analysis indicated that the area burned explained most of the variance in the reduction of basal area, with fires reducing an average of 5.38 m 2 ha -1 of basal area per plot across the YP (Fig. 7) . With a 99 % confidence, the results from the regression tree analysis were highly statistically significant (p \ 0.001) at predicting the mean basal area loss by each disturbance type (y). At plots which either did not intersect a fire or had no detected fire, forest management was the Attributing changes in land cover using independent disturbance datasets 221 most significant variable followed by hurricanes, with lower categories reducing the basal area by a smaller amount (1.05 m 2 ha -1 ) than severe hurricanes of higher categories (1.7 m 2 ha -1 ). Based on the results of the regression tree analysis, MODIS land-cover change pixels were attributed by disturbance type. First, MODIS land-cover change from nonurban in 2005 to urban in 2010 was attributed to settlement expansion. This is the largest percentage of change attributed over the YP (37 %). These disturbances match the locations close to major cities: Merida, Cancun, Chetumal, and Campeche. Fires were then attributed second, with 2 % of the change pixels overlaying burned areas, attributed to fire. Following, change pixels under forest management were assigned to harvest (3 %). Next, hurricanes were attributed to those land-cover change pixels which overlaid storm categories greater than level 1 and were not attributed to settlements, fire, or management. These changes comprise the second largest cause of disturbance in the region (26 %), following settlement. Agriculture was then attributed after the hurricanes to 18 % of the change pixels classified as non-cropland, but changed into cropland in 2010, and were yet not attributed. Lastly, any remaining change pixels for which we were not able to find corresponding disturbance data were assumed and attributed as harvest (14 %). The resulting map of MODIS land-cover change attributed by disturbance type is shown in Fig. 8a , b, including the percentage of each land-cover class attributed by disturbance type, the total area changed from 2005 to 2010, and the total pixels changed by class in the period.
Discussion and conclusion
This project was conducted in the context of a larger initiative aimed at developing a national MRV system for Mexico. We developed a new approach (MS-D) that allows for the attribution of observed land-cover changes to the underlying causes of disturbance. Knowledge of the cause of disturbance is critical for the accounting of GHG emissions and removals because different disturbance types have different impacts on carbon stocks, as well as direct and indirect emissions to the atmosphere (Kurz et al. 2009 ). The MS-D was successfully used to map major forest disturbance types and attribute them to changes in land cover over the *1,37,605 km 2 region of the YP, an early action area for REDD?, for the period of 2005-2010. Critical for the MS-D was the availability of NFI data to obtain basal area change. However, the time interval between successive measurements of the NFI (a rolling program of re-measurement in 5-year intervals) resulted in only two measurements between 2005 and 2010. We therefore treated the NFI data as a one-time change. Spatially explicit or spatially referenced data characterized by year are preferred to model forest carbon dynamics following disturbance as they allow assessment of interannual variability. Datasets of forest disturbance types by year would be desirable, but are difficult to obtain given the cost, efforts, and resources required.
We addressed the limitations of the multi-annual NFI data by compiling ancillary datasets available on an annual basis to fill some of the gaps. Improvements to this approach were possible due to the availability of national Fig. 7 Regression tree analysis of basal area loss explained by fire, forest management, and hurricanes Attributing changes in land cover using independent disturbance datasets 223 statistics of different disturbances (i.e., fire, hurricane, and agriculture). While some of these historical records lacked spatially explicit data, they were successfully used to produce annual layers of affected areas. In our analysis, we aggregated the data to the municipality level and allocated it to either all of the spatial unit or a specific group of With respect to the land-cover change analysis, we utilized a simple change detection approach using two classification dates. However, the use of post-classification analysis has inaccuracies associated with image calibration, misclassification, and satellite sensor errors (Dai and Khorram 1999; Fuller et al. 2003) . These inaccuracies can produce changes that did not actually occur and may not detect real changes that occurred. Despite these possible flaws, an extensive review of literature done by Lu et al. (2004) on major change detection techniques found that post-classification comparisons are one of the most common approaches used for change detection. Moreover, in Mexico, studies from Mas (1999) compared six change detection methods and concluded that post-classification was the most accurate procedure, including the benefit of providing the nature of the changes. While most of the land-cover change pixels (86 %) were successfully attributed with additional evidence of disturbance types, the 14 % of the changed pixels for which we were not able to find corresponding disturbance data, ''false-positives'', remain to be investigated. Further research on ''false-positives'' can also provide more insights for the attribution of the 25 % of fires with missing spatially explicit locations.
The change detection analysis performed using the MODIS imagery was able to determine that most of the conversion between the two time periods (2005-2010) was due to stand-replacing disturbances. For instance, areas of settlement impact observed in the MODIS changed pixels matched only with the location of major impacts, but not with subtle disturbances identified with the NFI plots. This is due to a number of factors. The first is the resolving capacity of the MODIS imagery itself. MODIS-based products can be useful to provide imagery suitable for regional and global applications with high-frequency observations, allowing users to keep track of the ecosystem dynamics with a coarse resolution at low cost (Coops et al. 2006; Wulder et al. 2010 ). Due to its low spatial resolution (250 m), it has limitations detecting forest disturbances occurring at finer scales. This broad spatial resolution along with the lack of land-cover observations on annual basis makes the identification of non-stand-replacing disturbances (e.g., low fires and selective logging) by year difficult.
Forest disturbance studies can be improved with the availability of remote sensing products derived on an annual basis at finer spatial scales, like Landsat satellite imagery. Landsat Thematic Mapper ? and the new Landsat 8 OLI can improve the detection of medium and lowseverity disturbances that result in subtle changes on the forest cover, providing more detailed information about the landscape (Cohen et al. 2010) . However, the small coverage per scene along with the recurrent cloud coverage may sometimes limit its use (Hayes et al. 2008) . Advances in technology are facilitating the processing and characterization of the Earth's surface with new super-computing systems. An example is Hansen et al. (2013) , who developed a map of forest cover loss for the entire world from 2000 to 2012 with a 30-m spatial resolution based on Landsat data. This new map includes the spatially explicit characterization of forest loss and gain for the period, with annual loss distribution. Other examples include forest disturbance products derived with a new vegetation change tracker algorithm that efficiently processes Landsat timeseries stacks to characterize forest cover change (Huang et al. 2010) . Recently, Mexico acquired full coverage of RapidEye satellite imagery for the years of 2011, 2012, and 2013 with a 5-m spatial resolution that can help to characterize in more detail the current status of the forest cover. These remote sensing products can provide the means to enhance and expand the insights from this study.
The strength of this study is in its ability to create synergies between remote sensing products, ground truth data and ancillary datasets, thus taking advantage of the best available information acquired by other researchers/ institutions. Mapping disturbances and attributing observed land-cover changes to the appropriate disturbance type with the MS-D approach provide a cost-effective solution to obtain activity data for carbon modeling and other ecological applications. Its flexibility allows a comprehensive integration of spatially referenced and/or spatially explicit data on an annual or multi-year basis to characterize forest disturbances by type and attribute changes in land cover to their underlying causes. Moreover, it provides a basis to replicate the study in other ''early action'' areas of Mexico for ecosystem carbon accounting and monitoring, and the development of an MRV system. This advance also allows other countries undertaking efforts to implement an MRV system for REDD? (e.g., Ecuador, Peru) to explore the potential use of this approach using input data appropriate for their specific conditions. distribution, and reproduction in any medium, provided the original author(s) and the source are credited.
